Abstract-High-power grinding mills are used in the cement and mining industries to crush clinker or copper ore and grind these materials to fine powder. The multimegawatt speed-controlled mill drives operate at a very low angular speed. Synchronous motors with a high number of pole pairs are used as the prime movers. They are traditionally fed by load-commutated thyristorized cycloconverters. These are prone to failure modes that can lead to excessive torque pulsations and high overcurrents. The huge stator, which was built as a separate ring-shaped structure around the tubular mill, may then get mechanically displaced, and the operation of the plant is interrupted. A novel and reliable direct drive uses a voltage source inverter that operates at the unity power factor for increased efficiency. Synchronous optimal pulsewidth modulation ensures a low harmonic current distortion and reduced switching losses at a very low switching frequency. The optimization of the pulse patterns takes the anisotropic magnetic properties of a separately excited synchronous motor into account. The implementation in a 23-MW semiautonomous grinding mill installed in a Zambian copper mine is intended.
Control of Large Salient-Pole Synchronous
Machines Using Synchronous Optimal Pulsewidth Modulation
I. INTRODUCTION
T HE production of cement requires machinery for crushing the cement clinker produced by a rotary kiln and to subsequently grind it to powder. The same procedure is followed in copper mining [1] . Crushed copper ore is ground to powder, from which the copper content is extracted in a chemical process.
The production of fine powder is efficiently done in semiautonomous grinding (SAG) mills. Fig. 1 shows the construction of a SAG mill [2] . It consists of a rotating hollow cylinder of about 12 m in diameter. Two sets of bearings in ring-shaped structures support the cylinder to let it rotate. State-of-the-art gearless drives have about 76 salient poles attached around the mill cylinder. They form the rotor of a separately excited synchronous ring motor. The stator is separately mounted to the basement. It is fed by a load-commutated cycloconverter with a power rating of typically 20 MW at a maximum fundamental frequency of 6 Hz [3] , [4] . The converter is equipped with thyristors, which are the most powerful semiconductor devices available.
The interior of a SAG mill is shown as a cross section in Fig. 2 [5] . The shaded area in the lower right portion indicates 0278-0046 © 2014 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/ redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
where the grinding material and a number of steel balls are encountered. The cylinder rotates in the anticlockwise direction, which elevates the steel balls and the major-sized lumps of ungrounded material up to a certain level. These objects will eventually fall down into the lower portion of the cylinder, smashing the ungrounded material there to smaller pieces and, finally, to powder with a particle size of 180 μm. This type of mill is called semiautonomous as it is the inertial forces of falling steel balls and ungrounded material that provide the grinding effect. Ring-motor-driven SAG mills in copper mines have shown frequent malfunctions in the past [3] , [6] , [7] . The problem is owed to the characteristics of the cycloconverter that feeds the synchronous motor. Cycloconverters are composed of two parallel-connected six-phase bridges per phase, with one bridge conducting the positive current and the other conducting the negative current. Zero-current intervals are inserted whenever the direction of a phase current changes. This allows the thyristor of the outgoing bridge to regain its voltage-blocking capability. Zero-current intervals produce zero torque. Electromechanical oscillations are the consequences [3] , accompanied by extreme mechanical forces that tend to break the fixtures of the stator.
Even more critical are commutation failures that occur when a sudden voltage sag appears in the feeding mains while the converter operates in the regeneration mode. A commutation failure leads to a short circuit between the terminals of the stator winding.
In any of these failure modes may the stator get displaced on its basement, and the minimum airgap may not be maintained. The production of the mill must be interrupted for extensive repair work. The standstill of production entails considerable cost.
To overcome the aforementioned problems, a new drive system was developed for Cleantech Company Ltd., Finland. It was introduced as the world's largest SAG mill to be installed at First Quantum's Kansanshi Copper Mine in Zambia in 2014 [8] .
II. ALTERNATIVE DRIVE SYSTEM FOR SAG MILLS

A. Medium-Voltage Three-Level Inverter
The failures that have occurred during the operation of SAG mills were caused by using a mechanically sensitive ring motor and a cycloconverter for its control. Improvement is sought by installing a classical drivetrain, with the drive motor and the SAG mill having their own bearings. A 23-MW salient-pole synchronous motor, as shown in Fig. 3 , was developed for that purpose. The huge dimensions of this motor are demonstrated by a person standing in the foreground. Fig. 4 shows the rotor poles and the armature winding.
The unreliable cycloconverter is replaced by a pulsewidthmodulated (PWM) voltage source inverter for energy conversion and control [9] . Pairs of parallel-connected 6.5-kV 600-A insulated-gate bipolar transistors (IGBTs) serve as the switching elements in a three-level topology [10] , [11] . Using optimal PWM permits operating at an extremely low switching frequency without sacrificing on harmonic current distortion [12] . Switching losses are thus reduced, and the nominal power rating of the inverter is increased [13] .
The minimization of the harmonic currents by synchronous optimal PWM has become an established technology for medium-voltage induction motor drives. For SAG mill drives operating at a very low mechanical speed, synchronous machines are a better choice. The absence of slip reduces machine losses and leads to a better tradeoff between the installation cost and efficiency. A large airgap increases the reliability.
Different from induction motor drives, salient-pole synchronous machines exhibit anisotropic magnetic properties. The reactions of this machine to transients caused by the repeated voltage step changes of a PWM waveform is analyzed next.
B. Dynamics of Synchronous Machines
The anisotropic magnetic properties of separately excited synchronous machines require using a rotor-fixed dq reference frame for dynamic analyses. The d-axis is aligned with the direction of the rotor pole of an equivalent two-pole machine. The complex-plane topology of a synchronous machine is shown in Fig. 5 .
The following differential equations hold: 
C. Calculation of Harmonic Currents
The objective of this paper is to optimize the PWM pulse sequence of the feeding inverter for minimum harmonic distortion of the armature current. The structure of (1) indicates that this also minimizes the harmonic currents in the damper winding and in the field winding.
State equations (1) will be used to compute the harmonic currents. These are excited by the harmonic content of the inverter pulse sequences and represented by harmonic spectra in the frequency domain. Accordingly, the solution of (1) and (2) is obtained in the frequency domain, for which the algorithm in [14] is followed. The approach relies on the definition of the complex inductance operators Λ d (s) and Λ q (s), each of which completely describes the magnetic properties in the respective reference axis, i.e., d or q. The inductance operators are
where s denotes the complex frequency. Using the inductance operators eliminates currents of minor interest from state equations (1). This is done here for damper currents i D and i Q , and for field current i f . Only two equations then remain. They describe how currents i d and i q depend on armature voltages u d and u q as follows:
Moreover, the flux linkage components are solely expressed by i d and i q as follows:
Equations (5) and (6) serve for computing the harmonic currents generated by the three-level inverter voltage waveforms.
III. SYNCHRONOUS OPTIMAL PWM
A. Modulation Index
Modulation index m is the normalized fundamental voltage, which is defined as
where u 1 is the fundamental voltage component of a given pulse pattern, and
is the fundamental voltage at the six-step operation of the inverter. The modulation index ranges within 0 ≤ m ≤ 1, where the unity value corresponds to the six-step mode.
B. Current Harmonics
The machine currents are composed of a fundamental current component i 1 and the harmonic currents i h generated by the inverter switching. Harmonic currents substantially contribute to the machine losses. Minimizing the RMS harmonic current is therefore an objective of synchronous optimal PWM [15] .
The RMS harmonic current, i.e.,
does not only depend on the respective pulse pattern but also on the internal impedance of the machine. This influence is eliminated when the distortion factor is used as a figure of merit. The distortion factor is derived from the normalized RMS harmonic content, i.e.,
of a periodic current waveform, where I 1 is the fundamental RMS current, I k and U k are the respective Fourier components of the RMS machine current and the inverter output potential per phase, ω 1 = 2πf 1 is the fundamental angular frequency, and I σ is the effective leakage impedance of the machine.
A new variable I h rms six-step /I 1 is obtained by inserting in (10) the Fourier components U k of the rectangular six-step voltage waveform. This serves to define the distortion factor, i.e., d = 1 h rms I h rms six-step (11) which is a quantity that represents the harmonic content of a PWM waveform independently of the properties of the machine. We have d = 1 at the six-step operation by definition.
C. Optimum Pulse Patterns
The optimization of the PWM pulse patterns is done under the restriction that steady-state conditions exist. The approach implies that switching frequency f s and fundamental frequency f 1 = ω 1 /2 are synchronized. Their ratio, which is the pulse number as follows:
is then an integer number. Constructing the synchronous optimal pulse pattern for a three-level inverter starts with establishing the half-and quarterwave symmetries of the phase voltages using the following conditions:
A pattern thus defined does not contain harmonics of even order or subharmonics. It is characterized by N switching angles a i , Fig. 6 . Definition of the optimal switching angles α i in phase a. The angles reappear in phases a and b at phase displacements of 2π/3 and 4π/3, respectively.
i ∈ 1, . . . , N, as illustrated in Fig. 6 for N = 5, where u d is the dc-link voltage. The three waveforms show the standard displacement angles 2/3 between the respective phases. The optimum switching angles a i are determined such that the distortion factor is minimum and a predefined low value f s max of the switching frequency is not exceeded. Operating at the synchronous optimal modulation instead of the conventional space vector modulation, both at an identical distortion factor, can almost double the power rating of a given inverter [16] . Skin effect losses are not considered in this comparison.
Satisfying the objective function, i.e.,
for every steady-state operating point N, m defines the respective sets of N switching angles a i per fundamental period T 1 = 2π/ω 1 . The optimal sets are precalculated offline and stored in a memory table of the controlling microprocessor. The switching angles are retrieved during the operation in real time and used for inverter control. A pulse pattern is now considered the superposition of alternating positive and negative voltage steps at the respective switching angles α i . The waveform of phase a is examined in the following. Waveforms u b and u c , as shown in Fig. 6 for N = 5, are identical except for their respective phase displacements. The fundamental voltage component of the pattern is
Using (8) to normalize (15) yields the modulation index of pattern P (m, N ) as follows:
which enters as one condition to determine the sets of optimum switching angles that define pulse patterns P (m, N ). A second condition is the objective function given by (11) and (14).
The harmonic voltage components of the phase a waveform in Fig. 6 are written as a Fourier series expansion as follows:
Operator ∓ addresses both the harmonic voltage components in the clockwise rotation, which was represented by the negative sign of the operator, and those in the anticlockwise rotation, which was represented by the positive sign of the operator. Superscript (S) denotes stationary coordinates.
The three harmonic phase voltages u ah , u bh , and u ch define the stator voltage space vector in terms of its n harmonic vector components, where n ∈ 1, . . . , ∞. Each value of n stands for a pair of spectral vector components that rotate in opposed directions. Harmonic components having positive phase sequences rotate in the positive direction at angular velocities (6n − 1)ω 1 . The harmonic components with negative phase sequences rotate in the negative direction at angular velocities (6n + 1)ω 1 . The resulting harmonic orders are
Existing half-wave and quarter-wave symmetries (13) eliminate the harmonics of even and triplen order.
D. Transformation to Synchronous Coordinates
As the synchronous machine is modeled in synchronous coordinates, (17) and harmonic phase voltages u bh and u ch in their respective displacements are transformed to obtain the voltage space vectors of the harmonics in the synchronous coordinates [superscript (SY )]. The transformation yields
where expressions 6n ∓ 1 and exp[(−1) 1/2(3∓1) create two summing terms each, with the first term using 6n − 1 to which exp((−1) 1/2(3−1) ) associates and with the second term using 6n + 1 to which exp[(−1)
1/2(3∓1) defines the direction of the rotation of the respective harmonic.
These components rotate at angular velocities ∓6nω 1 , either in a positive or in a negative direction, going past the d-axis at a high frequency. Hence, the load angle of the synchronous machine does not influence the space vector of the harmonic voltages.
The orthogonal dq components of space vectors (19) are
Pulse pattern optimization is done offline assuming steadystate conditions. The harmonic currents are represented by discrete spectra i k , k = 1 ∓ 6n, n ∈ 1, . . . , ∞. They are computed by replacing Laplace operator s → jkω 1 in (3) and - (5) . The harmonic components of the machine current are then with good approximation obtained by solving (5) for the respective currents as follows:
They define the distortion factor, i.e.,
E. Optimization Procedure
The optimization of pulse patterns is done in the following steps:
1) For a constant stator flux, the fundamental voltage u 1 ∝ f 1 ; hence, m ∝ f 1 , and from (12), we have
2) A maximum permitted value f s max of the switching frequency is chosen. Every pattern P (m, N ) is then valid in the following range: 6) The resulting function α i (m) will show various discontinuities. These will cause undesired transients during the operation of the drive. They are eliminated by a postoptimization procedure.
Pulse pattern optimization is described in detail in [16] .
IV. SYNCHRONOUS MOTOR DRIVE CONTROL
The synchronous optimal PWM is embedded in the drive control system, as shown in Fig. 7 . The superimposed current controller receives the fundamental stator current vector from an estimator [17] . In addition, the stator flux linkage vector is estimated. Its argument δ is used for field-oriented control, whereas its magnitude acts through a field-weakening controller and a flux controller on the excitation of the synchronous motor. Superimposed is a controller for speed and the power factor.
V. RESULTS
As an example, the full set of optimal pulse patterns for N = 6 is shown in Fig. 8(a) . The range of m selected for f s max = 400 Hz according to (24) is indicated in Fig. 8(b) . Fig. 8(b) shows that the discontinuities of the switching angles exist at the changes in pulse number N . These abrupt changes may generate current transients, which are avoided by employing the stator flux trajectory control [12] . Fig. 8(c) shows that the optimization results in a low distortion factor. The method permits a smooth transition to the overmodulation mode at m > 0.9.
The waveforms in Fig. 9 were recorded from a downscaled 30-kW laboratory setup. The operation at a 200-Hz space vector modulation produces a highly distorted stator current, as shown in Fig. 9(a) . An increase in the switching frequency to 1 kHz reduces the current distortion, as shown in Fig. 9(b) . The same distortion is achieved with the synchronous optimal modulation at a switching frequency of only 200 Hz, as shown in Fig. 9(c) . After acceleration from standstill, the SAG mill operates at a constant speed. It is then decoupled from the inverter and commutated to the ac mains to increase the efficiency. The commutation is shown in Fig. 10 . A photograph of that SAG mill installation at First Quantum's Kansanshi Copper Mine in Zambia is shown in Fig. 11 . The diameter of the mill cylinder is 10 m.
VI. SUMMARY
SAG mills are widely used in the cement and copper mining industries for mineral grinding. Separately excited synchronous machines with a high number of pole pairs are used as drive motors. They operate at a very low rotational speed.
State-of-the-art SAG mills are driven by ring motors with the stator poles mounted on the circumference of the mill cylinder. The stator and the rotor thus form mechanically separated units. The stator windings are fed by a thyristorized load-commutated cycloconverter. Present drive systems have shown undesired outages owed to frequent malfunctions of the cycloconverters required for extensive repair work.
High reliability is achieved with the synchronous motor constructed as a separate unit, coupled to the mill cylinder through a common shaft. An IGBT voltage source inverter is used for energy conversion and control. This permits the unity power factor operation that increases the efficiency of the drive system. Extreme low-frequency switching reduces the dynamic losses of the medium-voltage devices. The harmonic current distortion is minimized using synchronous optimal PWM.
The optimization of the switching angles makes an allowance for the anisotropic magnetic properties of the synchronous motor. The machine is modeled by a fifth-order set of state equations. The methodology of inductance operators reduces the order of the state equations. The relationship between the harmonic voltages and currents is then represented by only two state equations. This simplifies the optimization algorithm.
Experimental results are obtained from a downscaled laboratory drive and from a 23-MV drive system in the field.
